Introduction
Recently, hybrid organic-inorganic metal halide perovskites have been regarded as prospective materials in the photovoltaic eld due to their outstanding photovoltaic properties, ease of fabrication, moderate band gap, etc. [1] [2] [3] [4] Perovskite solar cells which employ perovskites as light absorption layers have developed rapidly since they were rst reported in 2009. 5 The PCE of PSCs grew up from 3.8 to 23.7% in less than 10 years.
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The typical device includes a transparent conductive layer, an electron transport layer (ETL), a light absorption layer (perovskite), a hole transport layer and a back electrode. Since Snaith et al. rst reported a planar heterojunction PSC in 2013, 12 it has received more and more attention due to its simpler structure compared to the mesoporous structure. This makes it possible to involve low temperature processed ETLs. Many kinds of ntype semiconductors can be used as ETLs. [13] [14] [15] [16] [17] Among the candidates, SnO 2 exhibits salient features, such as wide optical band gap (3.6-4.0 eV), good transparency, high mobility up to 240 cm 2 V À1 s À1 , excellent chemical stability, and easy lowtemperature preparation. [18] [19] [20] There have been many reported processes for preparing SnO 2 ETLs, embracing spin-coating, [21] [22] [23] [24] [25] [26] slot die coating, 27 atomic layer deposition, 28,29 chemical bath deposition, 30, 31 sol-gel method, [32] [33] [34] etc. Besides, all methods above require a proper temperature treatment in the fabrication process or post-treatment, and sometimes even involve a high temperature annealing. High temperature processes not only cost extra energy, but also restrain the use of exible plastic substrates (such as PET-ITO). 35, 36 It is of no doubt that a low temperature process is vital for the commercialization of ex-ible PSCs.
SnO 2 NPs have been synthesized via a low temperature process by ultrasonic-assisting 37 or introducing thiourea as an additive in precursor. 38 However, they still cannot avoid a proper annealing treatment for the prepared SnO 2 lm to remove the additive and induce good connections between nanoparticles. Herein we develop a simple sol-gel method to prepare uniform SnO 2 NPs at room temperature. Furthermore, the prepared SnO 2 ETLs work well without any thermal annealing. The PSCs made with annealing-free SnO 2 ETLs achieved a high PCE of 19.22% by using a mixed cation perovskite absorber 39 (KCsFAMAPbI x Br 3Àx , where FA: formamidine, MA: methylamine). In addition, the corresponding exible PCSs obtained a PCE of 15.27%. The SnO 2 NPs via such a simple thermal-free process allow them to be a promising ETL material in the potential commercial application.
Results and discussion
In order to synthesize SnO 2 NPs, anhydrous SnCl 4 respectively. Whereas 0.075 M and 0.1 M solutions took a much longer time (more than 400 min and 28 hours, respectively) to reach this state. The change of the different SnCl 4 solutions with time is shown in Fig. S1 . † This demonstrates that the kinetic process of the hydrolysis of SnCl 4 can be regulated by different concentrations of SnCl 4 aqueous solution. To further study the kinetics of the hydrolysis, the 0.05 M SnCl 4 solution was characterized with time break of 0 min, 50 min, 100 min and 150 min, labelled Sn-0, Sn-50, Sn-100 and Sn-150, respectively. Fig. 1a shows that the Sn-0 is transparent while the Sn-100 is translucent. However, the Sn-150 is nearly opaque. A Tyndall effect can be observed when a laser beam goes through the solution (Fig. 1a) . With the time increases, the Tyndall effect becomes clearer. However, the Sn-150 contains too many colloids. Thus, the Sn-100 is chosen for the late use. The Raman spectra of the Sn-0 to Sn-150 indicate the presence of SnO 2 NPs (Fig. S2a †) . The peak of $478 cm À1 belongs to the SnO 2 E g Raman active optical modes. The Raman spectra also prove the amount of SnO 2 NPs accumulating with the hydrolysis time.
To collect SnO 2 NPs, isopropanol (IPA) was used as a precipitator. Aer washing, the SnO 2 NPs were nally dispersed in ethanol. Transmission electron microscopy (TEM) was employed to examine the structure of the SnO 2 NPs. Fig. 1b shows the typical TEM image of the Sn-100 derived SnO 2 NPs with grain sizes below 5 nm. The polycrystalline feature of the Sn-100 was revealed by the electron diffraction rings (Fig. 1b  inset) . In addition, the corresponding X-ray diffraction (XRD) spectrum of Sn-100 ( To fabricate ETLs, the Sn-0, Sn-50, Sn-100, Sn-150 NPs were spun coating onto FTO glass respectively. All the ETLs dried at room temperature without annealing. Then the perovskite lm and spiro-OMeTAD lm were sequentially deposited by spin coating. Finally, gold was deposited onto the spiro-OMeTAD layer as a back electrode. The cross-sectional SEM image of the device structure is shown in Fig. 1d. Fig. 1e shows the J-V curves of the PSCs, the corresponding photovoltaic characteristics are listed in Table 1 , and the distribution of the characteristics is shown in Fig. S2c . † The Sn-100 has an excellent performance with an average PCE 17.87% for reverse scan (RS), while the Sn-0 has a very poor average PCE of 0.32% (RS). It is found that the longer hydrolysis time promotes the higher short-circuit current density (J sc ) output. However, if the hydrolysis time goes over 150 min, the J sc starts to decrease. To nd out the cause, the transmittance of SnO 2 ETLs were rstly tested by Ultraviolet-visible spectroscopy (UV-Vis) (Fig. 2a) . Although the Sn-100 ETL shows a little higher transmittance than Sn-0, the big difference in J sc should not be ascribed to it. The electrical conductivity of the ETLs (Fig. 2b) was then measured. The conductivity of the Sn-0 lm is extremely poor, which is possibly due to too much SnCl 4 residual in the lm. The poor conductivity resulted in the low current and ll factor. The Sn-100 ETL has the highest transmittance and conductivity among these ETLs. Therefore, the Sn-100 device has the highest PCE. To nd out how the charge extraction property at the SnO 2 ETLs/perovskite interface, the steady photoluminescence (PL) and time-resolved photoluminescence (TRPL) measurements were performed. The PL spectra (Fig. 2c) indicate longer hydrolysis time induced a better charge extraction ability of the prepared SnO 2 ETLs, which is further conrmed by the TRPL spectra (Fig. 2d) . It should be pointed out that Sn-100 and Sn-150 show quite similar PL properties. Further study of SnO 2 ETLs about Cl element remnants was carried out by X-ray photoelectron spectroscopy (XPS) as shown in Fig. 2e . The spectra clearly indicate the presence of SnO 2 . Furthermore, it could be found that with the longer reaction time, less Cl residues in the ETLs as Sn-100 and Sn-150 lms have a much lower Cl 2p peak (2p spin-orbital split p 3/2 and p 1/2 (ref. 40)) intensity. The residual Cl À on the surface leads to partial decomposition of perovskite. 26 The XRD of the perovskites validates the PbI 2 existence (Fig. S2d †) . Compared to the perovskite lms prepared on FTO directly and SnO 2 ETLs, the major distinction is the residue of PbI 2 , weaker peak intensity of PbI 2 for perovskite lm on FTO. The scan electron microscope (SEM) images show the SnO 2 lms and perovskite lms (Fig. S3a-h †) morphologies and microstructures. The SnO 2 lm prepared by the Sn-0 NPs have pinholes, the Sn-50 lm has reduced and smaller pinholes, and both Sn-100 and Sn-150 lms show perfect morphologies without pinholes. All the lms comprise compact large perovskite grains, in spite of the existence of the light coloured PbI 2 grains.
The J-V characteristics show there is still hysteresis of PSCs. It has been reported that the UV-Ozone (UVO) treatment for SnO 2 lm can effectively reduce the hysteresis. 41 The Sn-100 NPs lms were then treated with the UVO by different times, from 5 min, 10 min and 15 min, respectively. Table S1 † and Fig. 3a show the parameters as well as the J-V curves of the treated PSCs. Apparently, all the treated devices have depressed hysteresis to less than 1% and the J sc rises universally. XPS spectra of Cl 2p spin-orbit (Fig. 3b) show that the peaks related to Cl 2p p 3/2 and p 1/2 disappear aer the UVO treatment, indicating the removal of the Cl residues in the lm. The Cl residues could be attributed to the residuary SnCl 4 from the precursor. The presence of SnCl 4 would decrease the conductivity of the prepared ETLs. By removing the SnCl 4 residuals via the UVO, the conductivity of lms could increase as showed in Fig. S4 . † This in turn results in the increased conductivity. Furthermore, aer the UVO treatment, the Sn 3d 5/2 and Sn 3d 3/2 binding energies move toward to 487.2 and 495.6 eV respectively (Fig. 3c) , which are very closed to reported values of the SnO 2 .
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This means much purer SnO 2 forms. Due to the less Cl remnants in the SnO 2 ETLs, the less PbI 2 forms in the perovskite lms as shown in the XRD spectra (Fig. 3d) , producing highly crystalline perovskite. SEM images (Fig. S5a-h †) show the morphologies of the UVO treated SnO 2 and perovskite lms. Both SnO 2 and large grain perovskite lms are quite compact. With the longer time treatment, less PbI 2 grains are found in the perovskite lms.
Although the Sn-100 devices have achieved a promising performance, the PCEs (17.97/17.26%, RS/FS) are not high enough compared to the reported thermal processed devices. Considering IPA can mix with water, little trace of water may remain in SnO 2 NPs precursor solution. The trace of water will stay in the ETL and damage the interface of ETL/perovskite. So, a new precipitator which is immiscible with water and can be anti-solvent for perovskite is required to replace the IPA in order to improve the performance further. Previously, ethyl acetate has been employed as an effective anti-solvent for the perovskite. 42 Aer investigation of methyl acetate (MA), ethyl acetate, propyl acetate and butyl acetate (BA), BA stands out due to its lower polarity, more hydrophobic, and less dosage as precipitator. Ethyl alcohol was used as intermediate solvent to allow ester to mix with water so that SnO 2 NPs can precipitate. We used Sn-IPA and Sn-BA to distinguish IPA and BA as the precipitant to collect SnO 2 NPs which were prepared from 100 min hydrolysis. All the lms were treated with the UVO for 15 min. The Fig. S6a and b † show the PL and TRPL spectra of the perovskite/Sn-IPA and perovskite/Sn-BA. It could be found that the Sn-BA ETL could extract the electrons more efficiently than the Sn-IPA ETL. The J-V curves along with the photovoltaic characteristics of the champion PSCs based on the Sn-IPA and Sn-BA ETLs are showed in Fig. 4a . The champion PCEs of the Sn-BA based PSC are 19.22/18.79% (RS/FS), while the Sn-IPA based devices have the PCEs of 17.97/17.26% (RS/FS). The EQE spectra (Fig. 4b) (Fig. S7 †) . For the Sn-IPA based device, it kept decaying gradually and remained 75.5% PCE aer 1500 hours (Fig. 4d) .
The above results have shown that an excellent process of room temperature synthesis SnO 2 ETLs without annealing was developed. Then exible PSCs were fabricated on the Sn-BA ETL/PET-ITO as showed in Fig. 5a-d form the EQE spectrum ( Fig. 5a and b) . Aer bending 600 times, the PCE remained 59.26% compared to the original PCE due to the doubled R s aer so many times bending (Fig. 5c) .
Conclusions
In brief, a simple strategy for synthesizing 
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